A new Brucella species, Brucella microti, has been isolated from wild rodents and found to be pathogenic in mice. The biological relevance of this new mouse pathogen is clear, as it allows us to study Brucella infection in a species-specific model. The course of infection in wild-type (wt) and immunodeficient mice that lack B (Jh), T and B (SCID), or T, B, and NK (SCID.Beige) cells was analyzed over 3 weeks. wt mice completely cleared bacteria from the liver and spleen after that time. However, SCID mice showed a much higher bacterial load in the spleen and liver than wt and Jh mice after 1 week and maintained the same level during the next 2 weeks. All mice tested survived for the 3 weeks. In contrast, the bacterial levels in mice that lacked NK cell activity progressively increased and these mice succumbed to infection after 16 to 18 days. Histopathology analysis of infected mice showed extensive areas of necrotic tissue and thrombosis in liver after 1 week in all infected SCID.Beige mice but were not seen in either SCID or wt animals. These processes were dramatically increased after 21 days, corresponding with the death of SCID.Beige animals. Our results indicate that T and/or B cells are required for the control of infection with the mouse pathogen Brucella microti in liver and spleen but that NK cells are crucial for survival in the absence of B and T cells. In addition, they suggest that controlled granuloma formation is critical to clear this type of infection in wt mice.
Members of the genus Brucella are Gram-negative coccobacilli that are considered facultative intracellular pathogens capable of infecting a variety of hosts, including mammals such as rodents and humans. Infection causes a chronic disease termed brucellosis, the most important worldwide zoonosis (12) . The genus consists of several species, differing from each other on the basis of the specific host they invade. To date, there are at least nine recognized species of Brucella; most of them are able to cause disease in humans (Brucella melitensis, Brucella canis, Brucella pinnipedialis, Brucella inopinata, Brucella ceti, Brucella suis and Brucella abortus), while the others are able to cause diseases in nonhuman hosts (Brucella ovis and Brucella neotomae) (14, 26) (17, 33) .
The interaction between Brucella spp. and the host immune system is a complex process during which bacteria colonize host macrophages by developing a number of strategies to hide from and avoid the host immune response, establishing a chronic infection (2, 17, 31) . With B. abortus and B. melitensis, some key cellular components of the host immunity system have been found to be important for the control and clearance of this infection in mouse models (16) . Among them, dendritic cells and macrophages (6, 21, 27) and CD8 T cells (25) seem to play a predominant role, as expected in an intracellular pathogen infection (8) . Although passive transfer experiments have shown a role for antibodies in protection against Brucella infection (5), the role of B cells has not been defined so far. A single study showed that mice deficient in T and B cells (Rag1 Ϫ/Ϫ ) were more susceptible to B. melitensis infection than their wild-type (wt) counterparts (18) . However, that study did not analyze whether B or T cells were responsible for such protection. Another type of cells involved in the elimination of intracellular pathogens are natural killer (NK) cells. NK cells are activated during Brucella infection (11) or by Brucella-derived molecules (34) . Nevertheless, immunodepletion of NK cells did not increase the susceptibility of mice to B. abortus infection (11) . Whether NK cells contribute to the control of Brucella or are a bystander activated during this bacterial infection is not yet clear.
Recently, a new species of Brucella, called Brucella microti, has been identified in and isolated from the common vole, Microtus arvalis, a small rodent with widespread distribution in Europe and Asia (1, 30) . B. microti has also been identified in the red fox and soil (28, 29) . By studying this species in a mouse model of Brucella infection, it was found that B. microti is highly pathogenic for mice and kills both C57BL/6 and BALB/c strains at lower doses and more quickly than B. suis (19) . The increased pathogenicity of B. microti in mice correlated with a much higher replication ability in mouse macrophages than that of other Brucella spp. tested. These results suggest that B. microti is a new emergent pathogen that may represent a more relevant tool (24) than other Brucella species, such as B. suis, B. abortus, and B. melitensis, for the study of immunity in mouse models of brucellosis.
In a first attempt to identify the cellular components involved in the control of this new pathogen, we have used mice genetically deficient in T, B, and/or NK cells (SCID, Jh, and SCID.Beige mice) to analyze the course of B. microti infection in vivo. Replication and pathology in the spleen and liver, as well as survival of mice infected with a sublethal dose of B. microti, were analyzed over 3 weeks. Results indicate that not only T cells but also B cells cooperate in controlling B. microti replication in the spleen and liver. Moreover, we have found that in the absence of T and B cells, NK cell activity is critically involved in the survival of mice, suggesting that NK cells are not only activated during Brucella infection but also participate in the control of this pathogen in vivo. These findings indicate that both humoral (antibody generation by B cells) and cellular (T and NK cell activity) responses are required to efficiently control the intracellular pathogen B. microti in mice.
MATERIALS AND METHODS
Animals. Eight-to 9-week-old female BALB/c wild-type, CB-17.SCID, and CB-17.SCID.Beige mice were used for all experiments and purchased from Charles River Laboratories (France). Eight-week-old Jh mice were purchased from Taconic (Denmark).
Bacterial strain and determination of CFU. B. microti strain CCM 4915 (19) was used in all experiments. It was grown to stationary phase in tryptic soy broth (Difco), with shaking, at 37°C. The number of living bacteria in a sample was determined by counting the CFU after plating serial dilutions onto tryptic soy agar plates as described previously (19) . In addition, the smooth phenotype of the strains was verified in all cases by crystal violet staining (19) .
Animal infection. Animal experimentation was performed in accordance with guidelines of the Federation for Laboratory Animal Science Associations and approved by local ethics animal experimentation committees. A total of 10 4 CFU of B. microti was injected intraperitoneally, and after euthanasia by CO 2 asphyxiation, blood, spleen, and liver samples were collected aseptically from mice at different time points. The spleen and liver were cut in two pieces; one half was submitted for pathology examination, and the other half was weighed, homogenized, serially diluted, and plated onto tryptic soy agar for culture and counting of viable Brucella organisms after 24 to 48 h of growth at 37°C (19) .
Processing of samples for pathology examination. Samples of liver and spleen from infected (see "Animal infection") and control mice were kept in 4% formaldehyde in phosphate-buffered saline (PBS) until processing. Samples examined from all animals included three transversal sections from the right and left hepatic lobes as well as the right middle lobe, including the gallbladder, and a longitudinal spleen section. Samples were routinely processed, embedded in paraffin, cut into 3-m sections, and stained with hematoxylin-eosin as described previously (32) . Sections were analyzed under light microcopy, and the main lesions were counted and measured in all stained sections as reported in Tables 1 and 2 . Microgranulome size was determined by measuring the maximum diameter.
Statistical analysis. Statistical analysis was performed using GraphPad Prism software. The difference between means of groups was analyzed using a one-way analysis of variance (ANOVA) repeated-measures test with Tukey's posttest comparing all pair of groups. The results are given as the confidence interval (P) and are considered significant when they are Ͻ0.05.
RESULTS AND DISCUSSION
Replication of Brucella microti in SCID and SCID.Beige mice. Brucella microti kills BALB/c mice at relatively low doses of infection (10 5 CFU) (19) . In order to analyze the requirement of T and B cells to control this infection, SCID mice (deficient in T and B cells) were infected with a sublethal dose of B. microti (10 4 CFU), and the bacterial loads in the spleen and liver were measured after 3, 7, or 21 days. In addition, mice deficient in T, B, and NK cells (SCID.Beige) were used to determine whether NK cells participate in the control of this infection. As shown in Fig. 1 , SCID mice were more susceptible than wt mice, with SCID.Beige mice being the most susceptible to infection. B. microti replicated better at all times tested in spleen and liver tissues from SCID. Beige mice than in tissues from SCID mice. Differences were statistically significant in liver at day 3 and in spleen at days 3 and 7. Bacterial counts in SCID.Beige mice progressively increased until four of five SCID.Beige mice died at day 18. The only surviving animal presented clear signs of disease (such as malaise, 
a Inflammation in liver was assessed by the number of granulomas counted in liver sections as described in Materials and Methods. Symbols: Ϫ, not found; ϩ/Ϫ, Ͻ10; ϩ, 10 to 20; ϩϩ, 20 to 80; ϩϩϩ, Ͼ80; #, liver completely infiltrated.
b The number of individual necrotic cells was evaluated based on the number of necrotic cells in 10 high-power fields (Ϫ, ϩ/Ϫ, ϩ, ϩϩ, ϩϩϩ). c Necrotic tissue and thrombosis in livers were assessed on an arbitrary scale from slight (ϩ/Ϫ) to high (ϩϩϩ). These values were assigned relative to those of the respective noninfected animals.
d Day of measurement. 
a Inflammation (cellular infiltration), germinal center activation (GC act), and follicular depletion (FD) in spleens were assessed on an arbitrary scale from slight (ϩ/Ϫ) to high (ϩϩϩ). These values were assigned relative to those of the respective noninfected animals.
b The number of individual necrotic cells was evaluated based on the number of necrotic cells in 10 high-power fields (Ϫ, ϩ/Ϫ, ϩ, ϩϩ, ϩϩϩ). The susceptibility to infection in the absence of T and B cells is similar to that reported by Izadjoo et al. (18) during B. melitensis infection in Rag1-deficient C57BL/6 mice. However, it contrasts with the results of a previous work in which SCID mice controlled B. abortus infection better than wt animals (23) . This finding is surprising, since Th1 responses are clearly involved in the control of intracellular bacterial infections like Brucella infections (10, 36) . Although this discrepancy may be attributed to different bacterial strains, it is not easy to explain why at least T cells (absent in SCID mice) are not important to reduce bacterial loads in infected mice. Indeed, B. abortus persists in the livers of nude mice that specifically lack T cells (4).
Our results show for the first time a role for NK cells in the control of Brucella infection. Mice that lack functional NK cells, in addition to B and T cells, not only contain more bacteria in spleen and liver but also succumb to infection within 3 weeks. It has been previously reported that NK cell depletion in competent C57Bl/10 mice did not increase susceptibility to infection with B. abortus (11) . Apart from our use of different Brucella strains, these apparent differences could be explained by the fact that NK cells may be important if other immune responses are compromised. In addition, it is possible that NK cells contribute to a greater extent in strains like BALB/c, in which Th1 cell responses are lower than those in C57Bl strains. Supporting our conclusions, it has been previously reported that interleukin-12 (IL-12), a cytokine that activates NK cells, is involved in the control of B. abortus infection in CBA/J mice (37), which present Th-cell responses similar to those of BALB/c mice.
Replication of Brucella microti in Jh mice. The role of B cells in the control of B. microti infection was analyzed by monitoring infection in B-cell-deficient (Jh) mice in comparison with that in SCID mice. Jh mice lack the antibody heavy-chain locus. Consequently, B-cell differentiation is blocked during the first stages, and neither mature B cells nor antibodies are found in these animals (3). The course of infection in wt and SCID mice was similar to that described in the first experiment (Fig. 1) . As shown in Fig. 2 , spleens from Jh mice contained similar numbers of bacteria as wt mice after 7 days. In contrast, at that time, bacterial loads in the liver were significantly increased in Jh mice, albeit at a lower level than in SCID mice. After 3 weeks of infection, when all wt mice had cleared the bacteria, the counts in spleen and liver from Jh mice were still significantly higher than those in wt animals. This result indicates than not only T cells but also B cells are needed to optimally control B. microti infection. In addition, the results indicate that B cells are important during early control of the infection in liver but not in spleen. The differences between the roles of B cells in liver and spleen during the first stages of infection may be due to distinct cell subsets in those organs. Indeed, it has been proposed that liver B cells are important in controlling intracellular Gram-negative bacterial infections in that organ since they are able to produce gamma interferon (IFN-␥) and IL-12 in response to lipopolysaccharide (LPS) (22) , which were not produced by spleen B cells.
It has been previously reported that passive transfer of antibodies against LPS epitopes protects against B. abortus and B. melitensis infection (5). However, to our knowledge, this is the first report showing that endogenous B cells participate in the control of a Brucella species. A recent report showed that B-cell-deficient animals presented increased resistance to B. abortus infection (15) . Since Jh mice were also used in that work, the only explanation for this apparent discrepancy in results is the use of two different Brucella species. The protective effect of B cells during B. microti infection could be mediated by B-cell-derived cytokines and/or antibodies. Since we have found that NK cells also participate in the control of B. microti, it is tempting to think that antibody-dependent cellmediated cytotoxicity (ADCC) by NK cells could account for such a role. However, it seems that at least in our model, an additional mechanism to eliminate B. microti is used by NK cells in the absence of B cells (SCID mice). NK cell-mediated elimination of target cells depends on the balance between inhibitory and activating signals transduced by inhibitory or activating receptors (20) . These receptors interact with major histocompatibility complex (MHC)/HLA-I and activating ligands (MIC and ULBP, etc., in humans; RAE1 and H60, etc., in mice), expressed by target cells. Thus, it is plausible that expression of activating ligands is increased in macrophages infected with Brucella microti, favoring NK cell recognition and elimination of bacteria and/or infected cells. Indeed, it has been previously described that infection with the intracellular bacterium Mycobacterium tuberculosis induces upregulation of the activating ligand vimentin in human monocytes (13) . This hypothesis is currently being tested in our laboratory. Liver histology in mice infected with Brucella microti. The liver sections were analyzed to assess the following parameters: presence and characteristics of inflammation, individual cell necrosis, focal areas of necrosis, and other findings such as thrombosis. A summary of the major findings is shown in Table  1 . Liver sections from noninfected wt, SCID, and SCID.Beige mice were within normal limits and similar to each other.
The SCID and wt mice showed similar changes but differing in time frame. These two groups of animals presented small and minimal pathological changes at day 3. A few periportal and intraparenchymal small aggregates of macrophages and neutrophils were found in liver sections of wt mice at 3 days postinfection (Fig. 3) . The number of microgranulomas (MG) was considerably higher after 7 days and decreased after 3 weeks. In this group of animals, MG at 7 days were characterized by well-demarcated inflammatory foci, composed of macrophages and a few neutrophils that replaced the hepatic parenchyma (Fig. 3B) (MG diameter varies between 20 and 150 m). In contrast, MG number progressively increased in SCID mice as the bacterial load did, reaching the highest number after 3 weeks of infection. Histological findings in Jh mice were similar to those in wt and SCID mice (data not shown). The kinetics of MG formation in Jh mice was the same as that in wt mice, although reduced numbers were found after 7 days. SCID.Beige mice presented an inflammatory reaction similar to that of wt and SCID mice characterized by MG associated with individual cell death at 3 days postinfection and which changed to areas of necrosis at 7 days postinfection ( Fig.  3G to I) . At 21 days, the liver sections from SCID.Beige animals showed increased pathological changes. The liver parenchyma was severely infiltrated by mixed inflammatory cells with effacement of the normal architecture of hepatic lobules. Occasionally, some animals in this group showed thrombosis. The number of MG was already higher at 3 days postinfection than in wt or SCID mice. After 7 days, the number of MG increased, although it stayed lower than it did in wt mice, with the whole tissue infiltrated at 3 weeks postinfection.
Our data indicate that small granulomas (MG) comprising macrophages and polymorphonuclear cells are formed during infection with B. microti in all mouse strains. MG formation (morphology and kinetics) during B. microti infection is different from that reported during B. abortus infection in mice (9, 35) . However, similar MG have been found during infection with B. melitensis (35) , indicating that B. melitensis may be a more valid model of experimental brucellosis than B. abortus in mice.
Early MG formation seems to be critically involved in the elimination of bacteria, since the highest number of MG is found in wt mice after 7 days of infection, when the bacterial load is beginning to decrease. If the bacterial infection is not resolved, as in SCID and SCID.Beige mice, the number of MG increases as the bacterial load does, inducing a general inflammatory process, which is exacerbated in the absence of NK cells (SCID.Beige), correlating with increased animal death. This observation indicates that MG are required but not sufficient to clear infection. It is expected that cytokines known to activate macrophages like IFN-␥, produced by T and/or NK cells, will be needed to help macrophages eliminate B. microti. In addition, cytotoxicity induced by CD8 ϩ T cells and/or NK cells may help to eliminate infected macrophages and remove the bacterial replication niche. We are currently testing this hypothesis by using different knockout mouse strains.
Spleen histology in mice infected with Brucella microti. Spleen sections were analyzed to assess the following criteria: presence of neutrophils in the splenic parenchyma, individual cell necrosis, and lymphoid follicular changes in the white matter, such as follicular depletion and germinal center formation. Spleens from noninfected SCID and SCID.Beige mice were smaller than those from wt counterparts. These organs presented strong lymphoid follicle depletion, lacking lymphocytes and expressing higher number of myeloid and erythroid lineage cells, as expected in these strains of immunosuppressed mice (7) .
Histologically, changes found in infected wt and SCID mice were similar in severity and distribution, except for the follicular lymphoid depletion. The depletion found in SCID animals was more severe at 7 and 21 days postinfection. wt mice showed no lymphoid depletion. Germinal center activity was detected only in wt mice. This process peaked at day 7, correlating with the beginning of bacterial elimination from the F, I ) days later, and a portion of each spleen was fixed in formalin, processed, and stained with hematoxylin-eosin as described in Materials and Methods. Pictures were taken with a Leica DM500B microscope and a DFC420C camera. Original magnification, ϫ100. Insets show a higher magnification (ϫ600) of representative areas. Black arrows indicate increased apoptotic and necrotic activity (cellular debris and/or apoptotic bodies), and white arrowheads indicate inflammatory infiltrate. Representative pathological findings in spleen are summarized in Table 2 spleen. Once bacteria were cleared after 3 weeks, the spleen anatomy resembled that of noninfected mice. Findings in Jh mice were similar to those in SCID mice, except for attenuated lymphoid follicle depletion (data not shown).
In contrast, the spleens of SCID.Beige mice showed severe inflammatory reactions characterized by neutrophils with expansion of the red pulp sinusoids. The follicular depletion was another significant change observed in SCID.Beige animals at 7 and 21 days postinfection. Moreover, MG-like structures are found in spleens from SCID.Beige but not from wt or SCID mice after 3 and 7 days.
As with liver tissue, it seems that the anatomy of the spleens of infected mice correlates with the ability of specific mouse strains to clear bacterial infection (CFU counts; compare Fig.  1 and Fig. 4) . A strong lymphoid response in wt immunocompetent mice is detected at the time the bacterial load is beginning to be reduced and inflammation is restricted to the initial infection stages. In contrast, both SCID and SCID.Beige mice are unable to produce a lymphoid response and inflammation is kept at higher levels, increasing the depletion of lymphoid follicles. The proliferation of precursors of the myeloid and erythroid lineages in the immunodeficient mouse strains is likely due to an attempt to respond to foreign antigens derived from Brucella infection, although unable to control the infection in the absence of T, B, and NK cells.
Conclusions. Our data provide the first results on the replication of the new mouse pathogen Brucella microti in immunodeficient mice as well as the pathology associated with the infection. T cells as well as B cells are important in controlling this type of infection. Moreover, although bacteria are not cleared, mice survive as long as NK cell activity is preserved, which indicates, for the first time, a role for NK cells during experimental brucellosis. Our results suggest that B. microti is a useful and biologically relevant model pathogen to study the role of T, B, and NK cells in experimental brucellosis in mice.
